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Abstract Anthropogenic activities have weakened

biogeographical barriers to dispersal, thereby promot-

ing the introduction, establishment and spread of alien

species outside their native ranges. Several studies

have identified a number of biological and ecological

drivers that contribute to the establishment of plant

species in the invaded range. One long-term factor that

is generally accepted as a relevant determinant of

invasion success is residence time, or time since first

introduction into the new region. Residence time is

often an important correlate of range extent in the

invaded region, such that alien species with longer

residence times in the novel environment tend to be

more widely distributed. Plant species that were

introduced in different regions at different times

provide a unique opportunity to examine the effect

of residence time on invasion success. In this paper,

we examined how residence time affects the beta

diversity of alien plants in selected urban floras of New

Zealand and of English and Irish cities. We used an

intercontinental plant exchange as a model system,

comparing groups of species introduced to New

Zealand and to the British Isles at different times

(i.e., species native to the British Isles, British

archaeophytes and British neophytes) and asked if

differences in their beta diversity can be related to

differences in their residence times. Our results

suggest that observed patterns of beta diversity among
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the urban floras of New Zealand and of English and

Irish cities can be attributed to a combination of

residence time and of pre-adaptation to urban habitats

that evolved, or were filtered in association with

human activities, before the species were introduced

into the invaded range.

Keywords Archaeophytes � Cities � Date of

naturalization � Invasion � Neophytes � Pre-adaptation

to urban habitats � Urban invasions

Introduction

Anthropogenic activities have promoted the establish-

ment of increasing numbers of species outside their

native ranges, resulting, in many cases, in serious

ecological and economic impacts (Vilà et al. 2011;

Pyšek et al. 2012; Simberloff et al. 2013; Blackburn

et al. 2014; Kumschick et al. 2015). Biological

invasions occur in a wide range of habitats, and are

especially frequent in disturbed and human-trans-

formed environments (Chytrý et al. 2008b; Pyšek et al.

2010), which makes cities particularly rich in alien

species (Pyšek 1998; Chocholoušková and Pyšek

2003; La Sorte et al. 2007; Knapp et al. 2008; Aronson

et al. 2014). Cities are often located in pre-existing

biodiversity hot spots, which provide a high diversity

of habitats (Kühn et al. 2004). In addition, cities may

even provide novel habitats such as walls and roofs

(Nedelcheva 2011; Fornal-Pieniak and Chyliński

2012) or urban brownfields (Bonthoux et al. 2014).

Human disturbance in cities also provides distinctive

environmental conditions which allow the naturaliza-

tion of many alien species. For example, the ‘urban

heat island effect’ may promote the establishment of

species with higher temperature requirements or

tolerance for arid environments whose distributions

are limited by the cooler temperatures of the sur-

rounding landscapes (Sukopp and Werner 1983).

Fundamentally, though, the conditions determining

alien species richness in urban areas are not different

from those in rural areas; urban areas simply extend

the environmental axis of the rural–urban gradient (i.e.

taking proportions and numbers of habitats, geological

substrates and climatic conditions into account) to

more extreme values (Kühn et al. 2017). Given the

increasing availability of long-distance anthropogenic

vectors for dispersal, urban areas also represent

important immigration sources for many alien species,

which can then disperse into the surrounding land-

scapes. This renders urban floras a suitable tool for

investigating the effects of biological invasions on

alpha and beta diversity of species assemblages (La

Sorte et al. 2007, 2008; Ricotta et al. 2009, 2012).

Several biotic and abiotic drivers of biological

invasions have been proposed, based on various

methodological approaches including refined statisti-

cal models and theoretical frameworks (Pyšek and

Richardson 2007; van Kleunen et al. 2010a, b). One

long-term factor that is generally accepted as a crucial

determinant of invasion success is residence time, or

time since first introduction into a new region

(Rejmánek 2000; Richardson and Pyšek 2006). Res-

idence time is often an important correlate of range

extent in the invaded regions, such that alien species

with longer residence times in the novel environment

tend to be more widely distributed (Castro et al. 2005;

Pyšek and Jarošı́k 2005; Williamson et al. 2009; Gassó

et al. 2010; Pyšek et al. 2015).

Interest in the spatial occupancy of alien plants is

also prompted by the concern that their spread tends to

homogenize the biotas of invaded regions, reducing

the beta diversity of urban floras (McKinney

2004, 2006; Kühn and Klotz 2006; La Sorte and

McKinney 2006; La Sorte et al. 2007, 2014; Lososová

et al. 2012; Ricotta et al. 2012, 2014), thus making

these increasingly similar to each other (McKinney

and Lockwood 1999; Winter et al. 2009). The

direction and strength of those impacts depend on

residence time. In European cities, archaeophytes,

which are typically weeds of arable fields or ruderal

plants introduced into Europe from the Mediterranean

basin and south-eastern European steppes between the

Neolithic period (* 4000 BC) and the European

discovery of the New World (* 1500 AD), tend to

increase the floristic homogenization of urban floras

(Ricotta et al. 2014; Lososová et al. 2016). By contrast,

most neophytes (species introduced after 1500 AD,

following major changes in human movement,
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commerce and industry) have not yet reached their

maximum geographic and environmental ranges, and

therefore show idiosyncratic distribution patterns that

contribute to the current differentiation of urban floras

(Williamson et al. 2009; Gassó et al. 2010; Essl et al.

2011).

Another important factor that promotes the estab-

lishment of species outside their native ranges is pre-

adaptation to the environmental conditions of the

invaded habitat (La Sorte and Pyšek 2009; Pyšek et al.

2015). To become established, alien plants need to

pass through ecological filters, which select the

species that are able to survive and grow under the

conditions of the new habitat. In this view, archaeo-

phytes are likely to promote floristic homogenization

among urban areas not only because they have had

enough time to spread over large geographic regions,

but also due to their marked ecological preferences for

rural and disturbed environments (Sádlo et al. 2007;

Chytrý et al. 2008a, b), which enable them to persist

within anthropogenic habitats.

The goal of this study is to analyse how residence

time influences the impact of alien plants on the beta

diversity of urban floras, and how it interacts with

other factors such as pre-adaptation to the environ-

mental conditions of the invaded habitats. To this end,

we used an intercontinental plant exchange as a model

system, comparing groups of species introduced to

cities of New Zealand and the British Isles at different

times and asking if differences in their beta diversity

can be related to differences in their residence times

and pre-adaptation to urban habitats.

Data

Our checklists included only spontaneously occurring

naturalized species forming self-reproducing popula-

tions outside cultivation (Richardson et al. 2000). For

the urban floras of New Zealand (NZ) we used 11

cities sampled by Asmus and Rapson (2014) in the

lower North Island (Figs. 1, 2), but updated nomen-

clature and made minor reassignments for taxa not

currently accepted as present in New Zealand accord-

ing to the plants’ database of the Landcare Research

(http://nzflora.landcareresearch.co.nz). Each species

in the New Zealand urban floras was designated as

native or alien according to Asmus and Rapson (2014).

The alien species were then assigned to one of three

groups distinguished by their status in the urban floras

of one Irish and 9 English cities (Table 1) developed

from those studied by La Sorte et al. (2008) and

Ricotta et al. (2012, 2014): (i) species native to the

British Isles, termed here BI natives, (ii) occurring

there as archaeophytes (BI archaeophytes) or (iii) as

neophytes (BI neophytes). Nomenclature follows

Stace (2010). Assignments of status of archaeophyte

and neophyte follow Stace (2010) and the Online Atlas

of the British and Irish Flora (http://www.brc.ac.uk/

plantatlas/).

From a total of 477 species in NZ urban areas, 418

were classified as alien to New Zealand, of which 146

were classified as BI native, 42 as BI archaeophyte,

and 89 as BI neophyte (Table 1). Note that, while BI

natives, BI archaeophytes and BI neophytes were

classified according to their status in the urban floras of

selected English and Irish cities, thus reflecting a more

or less prolonged colonization of urban environments,

some of the 141 NZ alien species not found in the

urban floras of the 10 English and Irish cities might

still be BI natives, BI archaeophytes or BI neophytes

that are present in other cities of the British Isles, but

just by chance missing from the cities used in this

study. Nonetheless, the diversity in location and size

of the English and Irish cities used in this study (see

Ricotta et al. 2012) should provide a meaningful

sample of the urban flora of the British Isles, sufficient

for the kinds of inferences made in this study.

The earliest records of 274 alien species (145 BI

natives, 40 BI archaeophytes and 89 BI neophytes)

were extracted from the NZ Floras (Healy and Edgar

1980; Webb et al. 1988; Edgar and Connor 2000), with

additional data for grasses taken from herbarium

specimens housed at the Herbarium of the Auckland

War Memorial Museum (AK, Auckland), the Herbar-

ium of the Museum of New Zealand Te Papa

Tongarewa (WELT, Wellington), and the Allan Her-

barium (CHR, Lincoln). The earliest date is 1832 for

Plantago major, Rumex crispus, Sonchus oleraceus

and Stellariamedia (all BI natives), and the most recent

is 2012 for the BI neophyte Anisantha madritensis.

Methods

For the 274 NZ alien species with a known residence

time, we performed pairwise comparisons of the beta

diversity estimates for all groups of alien species (BI
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native, BI archaeophyte and BI neophyte) among the

BI and NZ urban floras. For each group of alien

species, we calculated a dissimilarity matrix between

pairs of cities using the Jaccard dissimilarity index,

defined as J ¼ bþ cð Þ= aþ bþ cð Þ. The index con-

siders the number of species present in both cities (a),

the number of species present only in the first city (b),

and the number of species present only in the second

city (c). Unlike other dissimilarity measures, such as

the Simpson index S ¼ min b; cf g=ðaþ min b; cf gÞ,
the Jaccard dissimilarity is symmetric in handling b

and c, thus providing a more balanced result with

respect to the total species richness of the two sites

being compared and a more complete overview of the

components of pairwise beta diversity (see Lososová

et al. 2016; Podani and Schmera 2016).

We next tested for differences in the mean floristic

distance of individual cities from their group’s

centroid. Using the PermDisp program (Anderson

2004) we calculated the dissimilarity of each city from

the corresponding group’s centroid. Then, we used a

permutation t test procedure based on 9999 random-

izations of least-squares’ residuals to test for differ-

ences in the mean dissimilarity from the group

centroid between the selected groups of cities. The

same procedure was used to test for differences

between the beta diversity of BI natives, BI archaeo-

phytes, and BI neophytes in the floras of the English

and Irish cities with that of the same species’ groups in

the New Zealand urban floras.

We also tested for differences in the time of

introduction to NZ of the three groups of alien species,

and in their number of occurrences in the urban floras

of New Zealand and the British Isles (permutation

t test procedure with 9999 randomizations).

Using the same procedures, we finally tested for

differences in beta diversity of the NZ urban floras for

a reduced pool of alien species that were all introduced

to NZ during the same period 1870–1950. However,

due to the limited number of available species, we

limited our comparison to two groups of alien species:

BI natives and archaeophytes (75 and 17 species,

respectively) vs. BI neophytes (57 species). The

reasons for limiting the comparison to a reduced pool

of species were twofold: (i) to minimize the influence

of time of introduction on the beta diversity of the NZ

urban floras (see below), and (ii) to limit the analysis to

species that had sufficient time since introduction to

expand their invaded ranges and colonize NZ cities.

Results

The estimates of beta diversity for BI natives, BI

archaeophytes, and BI neophytes were each signifi-

cantly lower among BI urban floras than among NZ

Fig. 1 Location map of cities sampled in the British Isles and in the lower North Island of New Zealand

3592 C. Ricotta et al.
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urban floras (p\ 0.05). Among BI urban floras, BI

natives, and BI archaeophytes, which have had more

time to colonize English and Irish cities, had lower beta

diversity than BI neophytes, although the difference

between BI archaeophytes and BI neophytes was not

significant at p\ 0.05 (Fig. 3). Likewise, among NZ

urban floras, the beta diversity of BI neophytes was

significantly higher than that of BI natives and BI

archaeophytes, whose estimates of beta diversity did not

differ significantly (p\ 0.05). This pattern accords with

the differences in residence times of the three groups of

NZ aliens (Table 2). On average, BI natives (mean date

of introduction ± SD: 1891 ± 38) and archaeophytes

(1890 ± 37) were introduced in New Zealand signifi-

cantly earlier than BI neophytes (1909 ± 42), thus

having more time to colonize larger invaded ranges.

In the English and Irish cities, BI natives and BI

archaeophytes showed a significantly higher number

of occurrences (7.99 ± 2.77 for BI natives and

7.12 ± 2.92 for BI archaeophytes) compared to BI

neophytes (5.19 ± 3.43). The same pattern was

observed for the NZ cities (5.55 ± 3.76 for BI natives,

5.63 ± 3.45 for BI archaeophytes and 4.46 ± 3.23 for

BI neophytes), although in this case, due to the short

residence times in the invaded habitat, the observed

differences were not statistically significant at

p\ 0.05 (see Table 2). Note that for the 34 alien

species found in all NZ urban floras their mean date of

introduction is 1875 ± 27, meaning that the mean

residence time required for colonizing all NZ cities

used in this study is approximately 140 years.

Limiting the analysis to the alien species introduced

to NZ in the period 1870–1950, we found that the

differences in residence time and number of occur-

rences in the NZ urban floras between BI natives and

archaeophytes (1896.31 ± 25.20; 4.75 ± 3.48) and

Fig. 2 Urban habitats in Palmerston North: A the urban centre; B formal plantings on the shopping hub of Broadway; C Manawatu

River and golf course looking across town; D waste land on undeveloped commercial site. All images were supplied by Gillian Rapson
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BI neophytes (1899.11 ± 26.02; 4.68 ± 3.26) were

no longer significant at p\ 0.05. Likewise, among NZ

urban floras, the estimates of beta diversity between BI

natives and archaeophytes and BI neophytes did not

differ significantly at p\ 0.05 (Fig. 4), meaning that

differences in beta diversity are mainly driven by

differences in residence time.

Discussion

Our results demonstrate that turnover (i.e., beta

diversity) of alien species among NZ cities strongly

depends on their residence time in the invaded range

(Wilson et al. 2007; Williamson et al. 2009; Gassó

et al. 2010; Pyšek et al. 2015). In NZ, all alien species

in our database were introduced after the European

colonization from the late 1820s, thus confining their

residence times to less than 200 years. From this

perspective, the residence times of BI neophytes in

NZ, which are on average 20 years shorter than those

of BI natives and archaeophytes, have likely limited

the opportunity for these species to expand their

invaded ranges to all urban areas with suitable habitat.

Accordingly, BI natives and BI archaeophytes, which

have had more time to colonize NZ cities, have lower

beta diversity and a higher number of occurrences in

NZ urban floras compared to BI neophytes.

Table 1 Summary data for each of the urban floras of New

Zealand and the British Isles used in this study, including the

total number of species, the number of species designated as

native and alien, and the number of alien species in the NZ

floras designated as species native to the British Isles (BI Nat),

species identified as archaeophyte in the British Isles (BI Arc)

and species identified as neophyte in the British Isles (BI Neo)

City Species richness Source

Total Native Alien BI

Nat

BI

Arc

BI

Neo

New Zealand

Gisborne 189 12 177 69 26 37 Asmus and Rapson (2014)

Hamilton 238 18 220 89 23 46

Lower Hutt 174 19 155 72 19 33

Masterton 170 12 158 73 25 32

Napier 172 9 163 61 23 31

New Plymouth 199 22 177 66 15 34

Palmerston North 194 9 185 80 27 37

Taupo 166 11 155 74 19 35

Rotorua 177 33 144 69 16 24

Wanganui 223 23 200 82 19 47

Wellington 204 16 188 71 20 41

British Isles

Birmingham (UK) 651 459 192 116 27 38 Cadbury et al. (1971)

Brighton (UK) 592 384 208 115 29 45 Hall (1980)

Dublin (Ireland) 348 223 125 90 22 32 Jackson and Skeffington (1984)

Exeter (UK) 547 376 171 119 28 35 Ivimey-Cook (1984)

Kingston upon Hull

(UK)

786 467 319 123 33 56 Crackles (1990), Middleton (1998), Middleton (pers.

comm.)

Leeds (UK) 460 326 134 97 22 27 Lavin and Wilmore (1994)

Leicester (UK) 646 428 218 118 29 45 Primavesi and Evans (1988)

London (UK) 1251 674 577 133 40 74 Burton (1983)

Plymouth (UK) 842 540 302 139 36 57 Ivimey-Cook (1984), Stevens (1990)

Sheffield (UK) 799 497 302 116 33 53 Shaw (1988), Hodgson (pers. comm.)
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While the minimum residence time of a given

naturalized species is inferred from the first known

record of that species in its invaded range, further

multiple naturalization events of that species, even

from different source populations, can continue after

that first date (e.g., Veltman et al. 1996), thus

reinforcing observed differences in the invasion

patterns of species with different residence times.

Apart from their earlier time of introduction, the low

beta diversity of BI archaeophytes among NZ cities is

consistent with previous investigations showing that,

due to their marked preferences for disturbed envi-

ronments, this group of alien species exhibits low beta

diversity among urban areas across Europe (Kühn and

Klotz 2006; La Sorte et al. 2008; Ricotta et al.

2012, 2014; Lososová et al. 2016) and the north-

eastern United States (La Sorte et al. 2007).

Although BI natives and BI archaeophytes had

longer residence times than BI neophytes, residence

time is likely the most relevant aspect of a more

complex invasion process driving the observed dif-

ferences in beta diversity. An important source of

variation can be attributed to pre-adaptations to

available habitats and to species’ value for cultivation

(Pyšek et al. 2009, 2015). In this study, BI natives, BI

archaeophytes and BI neophytes were classified

according to their native/alien status in Europe but

also to their presence in a range of urban floras of

English and Irish cities. This classification reflects a

sorting mechanism by which the selected species need

to pass two urban filters in the British Isles and in New

Zealand. Hence, these three groups of species were all

to some extent pre-adapted to urban environments,

such that, minimizing the differences in residence

Fig. 3 Pairwise comparisons of all alien species’ groups in the

BI and NZ urban floras. Box plots show the distribution of

Jaccard dissimilarities of individual urban floras from the

corresponding group’s centroid. Different letters indicate

significantly different distributions at p\ 0.05 (permutation

t test with Holm adjustment for multiple tests based on 9999

randomizations of least squares residuals). BI Nat = species

native to the British Isles; BI Arc = species identified as

archaeophyte in the British Isles; BI Neo = species identified as

neophyte in the British Isles

Table 2 Mean (SD) number of occurrences for all alien species’ groups in the 11 urban floras of New Zealand and the 10 urban

floras of the British Isles, together with the mean (SD) date of introduction for all alien species’ groups in the NZ urban floras

BI Nat BI Arc BI Neo

Number of occurrences in the BI urban floras 7.97 (2.77)a 7.18 (2.95)a 5.19 (3.43)b

Number of occurrences in the NZ urban floras 5.55 (3.76)a 5.63 (3.45)a 4.46 (3.23)a

Date of introduction in the NZ urban floras 1891.12 (38.24)a 1889.90 (36.68)a 1909.46 (41.55)b

Different letters indicate significantly different distributions (p\ 0.05, permutation t-test with Holm adjustment for multiple tests

based on 9999 randomizations). BI Nat = species native to the British Isles; BI Arc = species identified as archaeophyte in the British

Isles; BI Neo = species identified as neophyte in the British Isles

British plants as aliens in New Zealand cities: residence time moderates their impact 3595

123



time, the beta diversity in NZ cities did not differ

significantly among the three groups of alien species.

However, the prolonged urban history of the BI

natives and BI archaeophytes has most likely indi-

rectly favored the colonization of the same habitats

outside the species’ native ranges. For instance, the

typical archaeophyte in the BI is an agricultural weed,

while the largest source of neophytes is intentional

introductions for horticulture or gardening (Stace and

Crawley 2015). Therefore, the direct association of BI

archaeophytes with agriculture and human-disturbed

habitats is likely to have contributed to their early

introductions into New Zealand since these introduc-

tions took place during the early development of

agriculture there (see La Sorte and Pyšek 2009 for a

North-American analogy). In the 19th century, in the

early phase of the European colonization of NZ, out of

the entire pool of BI natives, BI archaeophytes and BI

neophytes that became naturalized in NZ, roughly

three-quarters (73.0%) consisted of BI natives and BI

archaeophytes. This ratio decreased to 57.7% during

the 20th century. This is because the earliest settlers

brought agricultural and crop seed (often contami-

nated with seeds of other species) and comparably

fewer ornamental species (Thomson 1922; Druett

1983). Other alien species were likely introduced in

animal fodder. Accordingly, most BI natives and BI

archaeophytes were introduced very early (Thomson

1922), and so their rate of introduction progressively

decreased through time. In contrast, BI neophytes are

still being drawn from the cosmopolitan pool of more

than 20,000 potential invaders already present in New

Zealand in cultivation or as ornamental garden plants

(Lee et al. 2000; Sullivan et al. 2005).

This central role of habitat legacy is consistent with

recent studies, which have highlighted the relevance of

species’ habitat affinities in their native range as a

factor driving invasion dynamics (Hejda et al. 2009;

Kalusová et al. 2013; Pyšek et al. 2015). Note here that

while BI neophytes originated mostly from outside

Europe, historically, most alien species in NZ,

including BI neophytes, were introduced by European

settlers, especially in the 19th century, when the

commercial relations between New Zealand and other

parts of the world were much weaker than today and

before modern biosecurity methods reduced opportu-

nities for introduction.

In summary, our findings suggest that observed

patterns of beta diversity among NZ cities can be

attributed to an interaction between differences in

residence times and pre-adaptation to urban habitats

that evolved or were filtered in association with

anthropogenic activities before the species were

moved to the invaded range. Therefore, when dealing

with urban environments, a long-term trajectory can

be recognized, for which pre-adaptations to disturbed

anthropogenic habitats in one region contributes to the

early introduction into similar habitats in other

regions.
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Knapp S, Kühn I, Schweiger O, Klotz S (2008) Challenging

urban species diversity: contrasting phylogenetic patterns

across plant functional groups in Germany. Ecol Lett

11:1054–1064
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similarity among urban floras within and across continents:

biogeographical consequences of human mediated biotic

interchange. Global Change Biol 13:913–921

La Sorte FA, McKinney ML, Pyšek P, Klotz S, Rapson GL,
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Rejmánek M (2000) Invasive plants: approaches and predic-

tions. Austral Ecol 25:497–506
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Sorte FA, Thompson K (2014) Geographical constraints

are stronger than invasion pattern for European urban flo-

ras. PLoS ONE 9:e85661
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